The products of the Cdx genes, Cdx1, Cdx2 and Cdx4, play multiple roles in early vertebrate development, and have been proposed to serve to relay signaling information from Wnt, RA and FGF pathways to orchestrate events related to anterior-posterior vertebral patterning and axial elongation. In addition, Cdx1 and Cdx2 have been reported to both autoregulate and to be subject to cross regulation by other family members. We have now found that Cdx4 expression is significantly down regulated in Cdx2 À/À mutants suggesting previously unrecognized cross-regulatory interactions. Moreover, we have previously shown that Cdx4 is a direct target of the canonical Wnt signaling pathway, and that Cdx1 physically interacts with LEF/TCF members in an autoregulatory loop. We therefore investigated the means by which Cdx2 impacted on Cdx4 expression and assessed potential interaction between Cdx2 and canonical Wnt signaling on the Cdx4 promoter. We found that the Cdx4 promoter was regulated by Cdx2 in transient transfection assays. Electrophoretic mobility shift assays showed that Cdx2 bound to predicted Cdx response elements in the Cdx4 promoter which, when mutated, significantly reduced activity. Consistent with these data, chromatin immunoprecipitation assays from embryos demonstrated occupancy of the Cdx4 promoter by Cdx2 in vivo. However, we failed to observe an interaction between Cdx2 and components of the canonical Wnt signaling pathway. These findings suggest that, while both canonical Wnt and Cdx2 can regulate the activity of the Cdx4 promoter, they appear to operate through distinct mechanisms.
Introduction
The vertebrate Cdx genes, Cdx1, Cdx2 and Cdx4, encode homeodomain transcription factors related to the Drosophila gene caudal. In the mouse, Cdx genes are sequentially activated beginning at the late primitive streak stage leading to a nested expression pattern in all germ layers of the caudal embryo. Cdx1 transcripts are first observed at E7.5 in the primitive streak region, in the ectoderm and in the nascent mesoderm with an anterior limit in the posterior hindbrain (Meyer and Gruss, 1993) . Cdx2 exhibits an early onset of expression in the trophectoderm at E3.5; expression in the embryo proper initiates at E8.5 in all germ layers of the posterior embryo, extending caudally into the base of the allantois and rostrally into the posterior neural plate, hindgut endoderm and unsegmented paraxial mesoderm (Beck et al., 1995) . At tail bud stages, Cdx2 expression continues in the posterior neural plate and the endoderm, and is eventually confined to the hindgut endoderm posterior to the foregut/mid gut junction from E12.5 onwards (Duprey et al., 1988; Silberg et al., 2000) . Cdx4 is initially detected at E7.5 in the base of the allantois and posterior primitive streak and subsequently in the unsegmented paraxial mesoderm with a rostral limit posterior to the most recently formed somite (Gamer and Wright, 1993) . Cdx4 is also found in the neural ectoderm, with expression slightly more rostral than its domain in the paraxial mesoderm, and is extinguished by E10.5 (Lohnes, 2003) .
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The complex developmental expression pattern of the Cdx genes suggest they play important roles in the early embryo. Functional studies reveal that Cdx members are critical regulators of antero-posterior (AP) patterning in a variety of vertebrate and invertebrate embryos (Chawengsaksophak et al., 1997; Duprey et al., 1988; Frumkin et al., 1991; Hunter and Kenyon, 1996; Mlodzik et al., 1985; Northrop and Kimelman, 1994; Savory et al., 2009a; Subramanian et al., 1995) . Later in development, Cdx2 proteins regulate gut development and intestinal-specific gene expression, again impacting on patterning events along the AP gut axis (Chen et al., 2009; Faas and Isaacs, 2009; Flores et al., 2008; Grainger et al., 2010) . Cdx2 and Cdx4 have also been implicated in certain pathological situations. For example, reduced levels of Cdx2 in colon cancers correlates with enhanced tumor progression, suggesting that Cdx2 may play a tumor suppression role (Bonhomme et al., 2003; Brabletz et al., 2004; Mallo et al., 1997) . Conversely, Cdx4 has been shown to be aberrantly expressed in a subset of acute myeloid leukemia (AML) patients, indicative of a role in the etiology of this cancer (Bansal et al., 2006; Scholl et al., 2007) . Given the important roles of Cdx genes in development, understanding the mechanisms governing their expression is of considerable importance.
Promoter analysis performed in diverse vertebrate model systems has shown that Cdx family members are downstream of a number of signaling pathways, including fibroblast growth factor (FGF), Wnt and retinoic acid (RA) (Lohnes, 2003) . In particular, Cdx1 has been shown to be directly regulated by both RA and canonical Wnt (Faas and Isaacs, 2009; Houle et al., 2000 Houle et al., , 2003 Ikeya and Takada, 2001; Lickert et al., 2000; Pilon et al., 2007; Prinos et al., 2001) while Cdx4 is also a direct target gene of Wnt signaling pathway (Pilon et al., 2006) . More recent evidence suggests that Cdx and canonical Wnt comprise a positive feedback loop involved in elaboration of the posterior embryo (Faas and Isaacs, 2009; Savory et al., 2009a) .
In addition to being subject to direct regulation by a number of signaling pathways, Cdx members also exhibit both auto-and cross-regulation (Beland et al., 2004; Bonhomme et al., 2008; Chawengsaksophak et al., 2004; Crissey et al., 2008; Lorentz et al., 1997; Prinos et al., 2001; Xu et al., 1999) . In particular, Cdx1 is required to maintain its own expression in vivo (Beland et al., 2004) while loss of Cdx2 leads to a marked reduction in Cdx4 (Chawengsaksophak et al., 2004; Savory et al., 2009a) . Cdx genes are also subject to feedback inhibition. For example, overexpression of Cdx2 can downregulate expression of Cdx1 in vitro, while Cdx2 has been shown to inhibit b-catenin-stimulated expression of Cdx1 in human colon cancer cell lines (Domon-Dell and Freund, 2002) . In this regard, recent work has shown that Cdx2 can bind to b-catenin and prevent its interaction with the Tcf transcription factors providing a possible explanation for this latter inhibitory function (Guo et al., 2010) Taken together, these data suggest that expression of Cdx genes is governed by complex and interactive sets of positive and negative regulatory mechanisms.
The loss of expression of Cdx4 in Cdx2 conditional null mutant embryos (Savory et al., 2009a) , together with the overlapping expression of Cdx family members and demonstrated interaction between these genes, suggested a direct regulatory hierarchy between Cdx2 and Cdx4. In the present study, we present data in support of this concept. In addition, although Cdx4 is also a direct Wnt target (Pilon et al., 2006) , and canonical Wnt and Cdx1 synergize to regulate Cdx1 (Beland et al., 2004) , no such interaction was seen on the Cdx4 promoter, suggesting that these two pathways operate independently in the context of this promoter.
Results
Cdx family members display an overlapping and dynamic pattern of expression along the developing axis from late gastrulation to tail bud stages. Analysis of the Cdx2 conditional mutant revealed a significant reduction in the expression of Cdx4 ( Fig. 1 and Chawengsaksophak et al., 2004; Savory et al., 2009a) . This observation, together with the auto-and cross-regulation previously observed between other Cdx members (Beland et al., 2004; Chawengsaksophak et al., 2004; Lorentz et al., 1997; Prinos et al., 2001; Xu et al., 1999) , suggested that Cdx4 lies downstream of Cdx2 during embryonic development. We now present evidence that Cdx4 is a direct Cdx target gene.
2.1.
Cdx4 expression is reduced in Cdx2 À/À conditional mutant embryos
Cdx4 expression was examined by whole mount immunohistochemistry in wild type (WT), Cdx1
À/À and Cdx1/2 Double Knock out (DKO) mutants at embryonic day (E) 8.5. In agreement with previous findings (Chawengsaksophak et al., 2004; Savory et al., 2009a) , Cdx4 expression was significantly reduced in the Cdx2 mutant background ( Fig. 1 compare C with D); note that the rostral limit of Cdx4 was also reduced in the Cdx2 null embryo. This reduction in protein levels was likely a consequence of reduced Cdx4 transcript abundance, as suggested by semi-quantitative RT-PCR analysis using RNA from caudal explants of E8.5 embryos (Fig. 1G ). In contrast, Cdx4 expression was only marginally affected in Cdx1 À/À embryos relative to controls ( Fig. 1A and B) suggesting a minor role for Cdx1 in regulating Cdx4 expression. Expression was not detectably perturbed in Cdx2 heterozygous embryos ( Fig. 1G) suggesting that a single copy of Cdx2, together with Cdx1, is sufficient to maintain expression. Conversely, we observed an almost complete loss of Cdx4 expression in Cdx1/2 double mutants ( Fig. 1F and G) consistent with contributions from both Cdx1 and Cdx2 on the Cdx4 promoter.
Cdx1 and Cdx2 localize to the Cdx4 promoter in vivo and regulate the promoter in vitro
To further explore the basis for regulation of Cdx4 we first sought to determine whether Cdx members occupied the Cdx4 promoter in vivo. To this end, ChIP analysis, using chromatin from E8.5 embryos, revealed that both Cdx1 and Cdx2 occupied the proximal region of the Cdx4 promoter in vivo (Fig. 2C) . Binding was specific to this interval, as similar association was not seen in immunoprecipitations with non-specific and control antibodies (Fig. 2C) .
Consistent with Cdx4 being a direct Cdx target gene, binding site algorithm analysis identified several putative Cdx response elements (CDREs) within the proximal Cdx4 promoter sequences ( Fig. 2A) , although, none of these motifs were identical to the consensus TTTATG (Fig. 2B) . Together with the ChIP data, this finding is consistent with Cdx4 being a direct Cdx target gene. To further test this, we used a previously described luciferase reporter vector derived from the 5 0 proximal region of the Cdx4 transcription start site (Pilon et al., 2006) , and assessed the ability of these sequences to respond to Cdx in P19 cells. P19 cells do not express detectable levels of Cdx proteins, although Cdx members are transcriptionally active in these cells (Beland et al., 2004; Pilon et al., 2006; Prinos et al., 2001; Savory et al., 2009a) . Using this approach, cotransfection of a Cdx2 expression vector was found to induce a 7-12-fold increase in reporter activity (Fig. 3) , a level of response that was similar to that seen in response to canonical Wnt signaling (Fig. 3D) , a known direct effector of Cdx4 expression (Pilon et al., 2006) . Relative to Cdx2, and consistent with the in vivo expression data in Cdx mutants, co-transfection of a Cdx1 expression plasmid elicited a more modest response ( Fig. 3A) while Cdx4 failed to produce any induction from these sequences (Fig. 3A) .
To identify the motif(s) within the Cdx4 promoter which mediated transcriptional activation, a series of reporter deletion mutants were generated and assessed for their ability to respond to Cdx2 in transient transfection assays (Fig. 3B ). Deletion of a 161 bp fragment from the 5 0 extremity of the reporter resulted in an approximately 60% reduction in Cdx2-dependent activation, suggesting that these distal sequences contained elements necessary for maximum induction of the reporter (Fig. 3B ). Subsequent deletions had little effect, with the 275 bp proximal sequences retaining the ability to respond to Cdx2 albeit at a lower level than the full length reporter. Bioinformatics analysis identified a potential CDRE in this 275-bp proximal sequence fragment. However, mutation of this site failed to attenuate the residual Cdx2-induced transcription (Fig. 3B ). It is possible that an unidentified, cryptic, CDRE present in these proximal sequences is responsible for this residual regulation. Both Cdx1 and Cdx2 bound the Cdx4 promoter in ChIP assays (Fig. 2C) . However, while Cdx2 upregulated promoter activity, Cdx1 elicited a relatively minor response (Fig. 3A) . In an attempt to further clarify the relative impact of Cdx1 and Cdx2 in governing Cdx4 expression, we assessed the consequence of co-expression of both transcription factors on promoter activity. We found that Cdx1 had an additive effect with Cdx2 on the Cdx4 promoter (Fig. 3C) , suggesting similar mechanisms of action.
Electrophoretic mobility shift assay (EMSA) was used to determine if Cdx2 could bind to any of the potential CDREs. Cdx2 was bound strongly to the CDRE7 (Fig. 4B) with a weaker association to CDRE8 (data not shown). Thus Cdx2 is capable of direct in vitro binding to sequences necessary for the maximum response of the Cdx4 promoter in transfection assays. Taken together with findings from ChIP analysis, and the loss of Cdx4 expression in Cdx2 and Cdx1-Cdx2 conditional null mutants, these data are consistent with Cdx4 being a direct Cdx target gene.
Cdx2 does not synergize with canonical Wnt signaling on the Cdx4 promoter
We and others have previously shown that Cdx1 and Cdx4 are direct Wnt target genes (Lengerke et al., 2008; Lickert et al., 2000; Pilon et al., 2006 Pilon et al., , 2007 Prinos et al., 2001 ). In addition, autoregulation of the Cdx1 promoter synergizes strongly with canonical Wnt signaling (Beland et al., 2004; Prinos et al., 2001 ). The present findings indicate that the same Cdx4 promoter interval which responds to canonical Wnt signaling is also induced by Cdx2 (Fig. 3A) suggesting that Cdx2 and Wnt may interact on this promoter. However, we found that a reporter mutated for the Cdx4 LREs (Pilon et al., 2006) retained the capacity to respond to Cdx2 (Fig. 3A) . Moreover, unlike the Cdx1 promoter where strong synergy was observed between Wnt and Cdx1 (Beland et al., 2004; Prinos et al., 2001) , no such synergy was observed between Wnt and Cdx2 on the Cdx4 promoter (Fig. 3D) .
Discussion
We have identified the 5 0 proximal Cdx4 promoter as sufficient for Cdx2-mediated transcriptional regulation in vitro.
This interval was occupied by Cdx1 and Cdx2 in vivo, harbored potential CDREs, at least two of which could be bound by Cdx2 in vitro, and conveyed, in part, Cdx2-mediated induction in P19 cells. Together with the loss of expression of Cdx4 seen in Cdx2 and Cdx1-Cdx2 mutants, these data strongly suggest that Cdx4 is a direct Cdx target gene.
Cdx genes have dynamic and overlapping expression patterns that is governed by multiple collaborating signaling pathways (Lohnes, 2003) . For example, functional retinoic acid response elements and LREs have been identified in the proximal promoter region of Cdx1 (Beland et al., 2004; Houle et al., 2003; Pilon et al., 2007; Prinos et al., 2001) . Similarly, canonical Wnt signaling has been shown to be involved in regulating Cdx4 (Pilon et al., 2006) , while in Xenopus, Wnt, RA, FGF and BMP signaling has been implicated in regulating the expression of Xcad2 and Xcad3 (Haremaki et al., 2003; Northrop and Kimelman, 1994; Pillemer et al., 1998; Pownall et al., 1996; Shiotsugu et al., 2004) .
In addition to regulation by a number of signaling pathways, Cdx1 and Cdx2 have also been shown to be subject to auto and cross-regulation (Beland et al., 2004; Chawengsaksophak et al., 2004; Isaacs et al., 1998; Prinos et al., 2001; Xu et al., 1999) . We now present evidence that Cdx4 is also subject to such regulatory mechanisms.
Both Cdx1 and Cdx2 bound the Cdx4 promoter in vivo and to putative Cdx4 CDREs by EMSA, however, relative to Cdx1, Cdx2 was much more efficient in inducing transcription through the Cdx4 promoter in transient transfection assays, while Cdx4 had essentially no effect. This suggests that Cdx family members have context-dependent transactivation potential. Indeed, such differential transactivation between Cdx1 and Cdx2 has been previously reported in the context of a number of other target genes. For example, Cdx2 activates, while Cdx1 inhibits the intestinal alkaline phosphatase promoter (Alkhoury et al., 2005) . In a similar manner, Cdx2 induces, and Cdx1 inhibits, the promoter of the p21 gene (Bai et al., 2003; Moucadel et al., 2002) . Conversely, Cdx1 transactivates the human PCNA gene promoter while Cdx2 does not (Oh et al., 2002) .
The basis for such differential activities has not been resolved. It is unlikely to reside at the level of target gene association, as Cdx members show strong sequence homology in their homeodomain, occupy a number of targets in vivo with a similar binding profile, and exhibit comparable association to various CDREs in vitro. However, outside of the DNA binding domain, Cdx family members share limited homology, which may account for differential effects on certain target gene promoters. Consistent with this, domain swapping experiments between Cdx1 and Cdx2 defined N-terminal sequences that conveyed the distinct effects of Cdx1 and Cdx2 on the glucose-6-phosphatase promoter (Gautier-Stein et al., 2003) .
Autoregulation of Cdx genes
Cdx4 had no pronounced effect on transcription from its own promoter in transfection assays, suggesting that it does not act in an autoregulatory loop as has been previously described for both Cdx1 and Cdx2 (Beland et al., 2004; Xu et al., 1999) . In this regard, Cdx1 is required to maintain its own expression in vivo but the Cdx1 promoter lacks identifiable CDREs. Rather, Cdx1 autoregulation is dependent on a direct physical interaction between Cdx1 with LEF1, with the latter directly bound to a LRE within the Cdx1 promoter Beland et al., 2004) ; this observation may explain the synergy seen between Wnt and Cdx on this promoter. In contrast, the Cdx4 promoter did not exhibit any such synergy, suggesting that Wnt and Cdx impact via mechanistically distinct means on these sequences. Cdx2 is capable of autoregulation in a cell type-specific manner suggesting that some unidentified cell-specific component(s) is required (Xu et al., 1999) . While we have found no evidence for autoregulation of Cdx4, our analysis was confined to a single cell line and does not preclude the possibility of cell type specific regulation. However, ChIP analysis failed to show occupancy by Cdx4 on its promoter (data not shown). Taken together, these findings suggest that Cdx4 does not autoregulate.
In conclusion, we present evidence supporting Cdx4 being a Cdx target gene, with primary regulation by Cdx2, extending the paradigm of cross-regulation among Cdx members. Further, while data supports the convergence of several signaling pathways on the Cdx4 promoter, Wnt and Cdx pathways appear to function by independent mechanisms, at least in P19 cells.
4.
Experimental procedures
Mice and immunohistochemical analysis
Cdx2 conditional null mutant embryos were generated as previously described (Savory et al., 2009a) , while Cdx1-Cdx2 conditional double null mutants were generated in a similar manner from Cdx1
-Actin Cre intercrosses. To generate Cdx2 +/À embryos, Cdx2 F/F Actin Cre males were crossed with CD1 wildtype females and pregnant dams were treated with 2 mg tamoxifen at E 5.5. Animals were mated overnight and noon of the day of detection of a vaginal plug was considered as E0.5. Immunohistochemical analyses were performed as previously described using rabbit anti-Cdx4 antibody (Savory et al., 2009a,b) . Embryos to be compared were processed in parallel to control for variation in signal intensity. Semi-quantitative RT-PCR was performed as previously described (Savory et al., 2009a) using the following primers
Chromatin immunoprecipitation (ChIP) analysis
ChIP assays from embryos were performed as described previously (Pilon et al., 2006; Savory et al., 2009a) . Immunoprecipitations were performed using polyclonal antibodies to Cdx1 or Cdx2 or rabbit pre-immune serum as control. PCR was performed using the following primers 5 0 -CCCGGG GCTCCTCTTTTTAAATGGGTG-3 0 and 5 0 -GTCGACTCGAGGGTG ACTTGGATAGAAGAAGTTGCCC-3 0 .
Electrophoretic mobility shift assay (EMSA)
GST or GST-Cdx2 was used to assess binding to putative CDX response elements as previously described (Pilon et al., 2006; Savory et al., 2009a) . The upper strands of the wild-type (wt) and mutant (mut) double-stranded probes are 5 0 -CAC-CTGGAAATTTAGGGTAGGA-3 0 and 5 0 -CACCTGGGAGCTCAGGG TAGGA-3 0 , respectively. The positive control CDRE from the Hoxb8 locus was as previously described (Pilon et al., 2006) .
Cell culture and transfection analysis
P19 embryocarcinoma cells were propagated as described previously (Prinos et al., 2001) . Cdx expression vectors and the 1.1 kb Cdx4 promoter reporter vector and LRE (LEF/TCF response element) mutant derivatives thereof have been described previously (Beland et al., 2004; Pilon et al., 2006; Savory et al., 2009b) . Deletion mutants were generated by subcloning PCR amplified fragments into pXP2 to generate luciferase reporters. All PCR-based constructs were verified by sequencing. Transfections consisted of 1 lg of reporter vector, a LacZ expression vector (used for normalization of transfection efficiency) and the indicated amounts of Cdx expression vectors or empty vector (where required) to a total of 2 lg of DNA per transfection. The following day, medium was replenished, and culture continued for 24 h. Cell lysates were generated and assessed for luciferase and b-galactosicase activity as described previously (Prinos et al., 2001 ). (Charite et al., 1998) . Specificity was further demonstrated by a supershift by anti-Cdx2 (lane 3).
